High energy multiparticle photoproduction off nuclear targets is studied. The photon is assumed to interact in direct scattering processes or as a resolved qq-state according to the Generalized Vector Dominance Model. In the description of resolved interactions multiple soft and hard processes in each qq-nucleon interaction are taken into consideration. The model, formulated within the framework of the two-component Dual Parton Model, is shown to agree with hadron production data from photon-hadron, hadron-nucleus, and photon-nucleus interactions. Differences between multiparticle production in photon-nucleus and hadronnucleus interactions and features of jet production in photon-nucleus collisions at HERAenergies are discussed.
Introduction
Many features of high energy photoproduction off hadrons are well understood within the QCD-improved parton model: the photon may couple directly to a parton of the hadron (direct processes) or it may enter the scattering process as a hadronic fluctuation (resolved processes) [1] . Since the lifetimes of these hadronic fluctuations are typically long enough to develop properties of ordinary hadrons they can interact in soft and hard resolved processes [2, 3] . The classification into direct and resolved photon interactions has been recently confirmed in experiments at HERA [4, 5] . Moreover, it has been shown that both classes of processes exhibit different properties concerning multiparticle production [6, 7] . Here, we extend a previous study of photon-nucleus cross sections and their high energy shadowing behaviour [8] to particle production. This is done by applying the two-component Dual Parton Model (DPM) [9, 10, 11, 2] to photoproduction off nuclei.
The two-component DPM is based on the DPM describing soft particle production (for a review see [12] ) and treats high-p ⊥ processes using lowest order perturbative QCD. This model has been proven to be very reliable in describing the main features of hadron-hadron [10, 11] , photon-hadron [2, 3] , photon-photon [3] , hadron-nucleus, and nucleus-nucleus collisions [13] . Here, the two-component DPM is applied to photon-nucleus collisions for the first time. The two channels which are of particular importance as a basis for our present study are hadronnucleus and photon-hadron collisions.
In hadron-nucleus collisions the multiple interaction process of the hadron with target nucleons which explains the "shadowing"-effect, is understood in the framework of the GribovGlauber approximation [14, 15, 16] . The two-component DPM incorporates the GribovGlauber approximation and treats each hadron-nucleon interaction by pomeron and reggeon exchanges. Dtunuc 2.0, a Monte Carlo (MC) realization of the two-component DPM for hadron-nucleus and nucleus-nucleus collisions, includes the Glauber-formalism [17] , the Phojet-model [2, 3] for each hadron-nucleon or nucleon-nucleon collision, a formation zone intranuclear cascade model, and models for spectator deexcitation and disintegration [18, 19] . As it will be shown further below, results on particle production in hadron-nucleus collisions obtained with Dtunuc 2.0 are in good agreement with data.
The description of photon-hadron interactions within the two-component DPM takes the above mentioned dual nature of the photon into consideration. In analogy to hadron-hadron interactions, the resolved photon interactions are described in terms of multiple soft and hard pomeron and soft reggeon exchanges. Parton jet and minijet production in resolved processes as well as direct processes are calculated in lowest order perturbative QCD. The MC realization Phojet has been compared in several applications to photoproduction data from the HERA collider and a reasonable agreement was found [6, 20, 21] .
Using all informations from hadron-nucleus and photon-hadron collisions it can be expected that the two-component DPM also gives a reasonable description of multiparticle photoproduction off nuclei up to very high energies. Beside the investigation of features of the photon-nucleus scattering process, like effects of point-like photon interactions [8] , such a model could be essential in many applications, like lepton-nucleus interactions at HERAenergies, cosmic ray cascade calculations or shielding problems at TeV-lepton colliders.
In Sect. 2 we summarize the basic ideas of the description of hadron-nucleon and photon-nucleon interactions within the two-component DPM. Furthermore, its application to photonnucleus interactions is presented. In Sect. 3 we demonstrate that the model is able to describe characteristic features of particle production in photon-hadron and hadron-nucleus, and photon-nucleus interactions. The nuclear dependence of multiparticle photoproduction off nuclei and direct as well as resolved jet production are studied. Predictions for HERAenergies are given. Finally, in Sect. 4 we summarize our results.
2 The two-component Dual Parton Model
Photon-nucleon interactions
In the following, we give a summary of the basic ideas of the two-component DPM with emphasis to the description of photon-nucleon interactions as implemented in the MC generator Phojet. More detailed discussions can be found in Refs. [2, 3] . The physical photon state is approximated as a superposition of a bare photon and of virtual hadronic states having the same quantum numbers as the photon. The bare photon may interact in direct processes. This direct contribution is estimated by lowest order perturbative QCD [2, 8] . The interactions of the hadronic fluctuations of the photon are called resolved processes and are described within the framework of the two-component DPM in terms of reggeon and pomeron exchanges. We distinguish soft and hard resolved processes according to the transverse momenta of the intermediate states of the pomeron exchange graph: By definition, scattering processes resulting in at least one parton having a transverse momentum larger than a cutoff-momentum p cutoff ⊥ = 3 GeV/c are called hard interactions. All other processes are classified as soft interactions.
The amplitude describing the scattering of the hadronic fluctuation V with a nucleon N is parametrized using a two-channel eikonal formalism [2, 11] . In impact parameter representation, the amplitude reads [2] 
with the eikonal function
Here, the χ i 's denote the contributions from the different Born graph amplitudes: soft pomeron and reggeon (S), hard pomeron (H), triple-and loop-pomeron (D), and double-pomeron amplitudes (C). The Born graph amplitudes of the soft processes are calculated using Gribov's reggeon field theory [22, 23] . Assuming universality of soft interactions, the free parameters of the model (pomeron couplings, pomeron intercept, triple-pomeron coupling, and slope parameters) have been determined by a global fit to pp, pp, and γp cross section and slope data [2] . However, due to the point-like interactions of the photon, this universality cannot be applied to high-p ⊥ processes. Lowest order perturbative QCD is used to calculate the resolved and direct hard photon cross sections [2, 24] .
The optical theorem relates the total cross section (i.e. elastic scattering, diffraction dissociation, and nondiffractive inelastic scattering) to the discontinuity of the amplitude (1) taken at vanishing momentum transfer. At high energies, the discontinuity can be expressed as a sum over terms which correspond to graphs with a certain number of cut pomerons (Abramovski-Gribov-Kancheli cutting rules [25] ). Therefore, one obtains for the exclusive cross section for k c cut soft pomerons, l c cut hard pomerons, m c cut triple-and loop-pomeron graphs, and n c cut double-pomeron graphs
with
Note that both, resolved soft and hard interactions, are unitarized, i.e. a single qq-nucleon scattering may be built up of several soft and hard interactions. In contrast, direct interactions are not unitarized since unitarity corrections are strongly suppressed. In order to relate the cross sections given in Eq.(3) to final state parton configurations, we use the equivalence between the reggeon and pomeron exchange amplitudes and certain color flow topologies [26] . In Fig. 1 the color flows of single reggeon (a) and single pomeron exchange processes (c) are shown together with the corresponding cuts. Whereas a cut reggeon yields one color-field chain (string) (Fig. 1b) , a cut pomeron results in two strings (Fig. 1d) which are assumed to fragment independently into hadrons. In the large N c limit of QCD (with N c being the number of colors) the same color flow picture of the pomeron is also found in hard interactions.
For pomeron cuts involving a hard scattering, the parton kinematics as well as the flavors and colors are sampled according to the QCD-improved Parton Model using leading-order matrix elements. We use the GRV parametrizations of the parton distribution functions (PDF) of the photon [27] and the nucleon [28] . Both, initial and final state parton showers are treated. For the latter the Monte Carlo (MC) realization as implemented in Jetset [29, 30] is applied.
In case of pomeron cuts without large momentum transfer, we assume the partonic interpretation of the DPM: hadronic fluctuations of the photon are split into a quark-antiquark pair whereas baryons are approximated by a quark-diquark pair. The longitudinal momentum fractions of the partons are given by Regge asymptotics [31, 32, 33, 34] . The valence quark momentum fraction x inside a nucleon is sampled according to ρ(x) ∼ (1 − x)
1.5 / √ x whereas the momentum fraction of a valence quark inside a hadronic fluctuation of a photon is obtained from ρ(x) ∼ 1/ x(1 − x). For multiple interaction events, the sea quark momenta are sampled using a ρ(x) ∼ 1/x behaviour. The transverse momenta of the soft partons are not predicted by the DPM. Here, we assume an exponential distribution d 2 N s /dp 2 ⊥ ∼ exp(−βp ⊥ ). The energy-dependent slope parameter β is obtained requiring a smooth transition between the transverse momentum distributions of the soft constituents and the hard scattered partons.
For single diffractive and central diffractive processes, the parton configurations are generated using the ideas described above applied to pomeron-photon/hadron/pomeron scattering processes [35] . Hence, a diffractive triple-pomeron or loop-pomeron cut can also involve hard scattering subprocesses resulting in a rapidity gap event with jets.
All strings are hadronized using Jetset 7.3 [29, 30] . Finally it should be mentioned that the model is limited to photon-virtualities Q 2 ≪ s with Q 2 < 9 GeV
2.2 The event generator DTUNUC 2.0 for photon-nucleus collisions
The MC event generator Dtunuc 2.0 for hadron-, photon-, and nucleus-nucleus collisions is based on its previous version [36, 37] incorporating the following new features:
• Dtunuc is extended to the description of photoproduction off nuclei.
• Particle production in each photon-, hadron-, and nucleon-nucleon interaction is based on the MC-realization Phojet [2, 3] of the two-component DPM which includes multiple soft and hard pomeron exchanges and diffraction.
• A formation zone intranuclear cascade is treated in both, the projectile and target spectators including evaporation of nucleons and light nuclei from excited spectators, spectator-deexcitation via photon-emission, and fragmentation of light spectator nuclei [18, 19] .
The generation of a photon-nucleus 1 particle production event proceeds as follows: The treatment of any interaction starts with sampling of an initial spatial configuration according to nuclear densities and of the Fermi-momenta of the nucleons. The number of nucleons involved in the scattering process with the photon is obtained according to the Glauber approximation. We use the MC algorithm of [17] , here extended to photon-projectiles. The inelastic cross section for the scattering of a photon with virtuality Q 2 with a nucleus A at a squared photon-nucleon c.m. energy s and at impact parameter b reads [8] 
fluctuation with the nucleus σ V A to the amplitude Γ for the interaction of the hadronic fluctuation with a nucleon
We refer to [8] for the calculation of the M 2 -independent quantityσ V N , the slope B, and the parameters entering the expressions. The integration over the coordinate space in (6) is performed using one-particle Woods-Saxon density distributions ρ A [40] . With the impact parameter b and the mass M of the hadronic fluctuation which are sampled according to Eqs. (5, 6) , we obtain for the probabilities p i that an inelastic interaction between the projectile and nucleon i takes place [8, 17] 
Note that b i is the impact parameter for the interaction of the hadronic fluctuation with the nucleon i for a fixed spatial configuration of nucleons.
As it has been discussed in [8] , hadronic fluctuations with
2 predominantly interact in point-like interactions, i.e. in direct interactions and in interactions which are characterized by the anomalous component of the photon PDF. We denote the corresponding cross sections with σ dir γN and σ ano γN and refer to [8] for their calculation within lowest order perturbative QCD. Here we shall again consider the extreme case that in these processes the hadronic fluctuation of the photon interacts with only one target nucleon. Therefore, in the fraction (σ Furthermore, as for the calculation of cross sections [8] , the coherence length of the photon is taken into consideration which effectively leads to a suppression of the Glauber-cascade at low energies. Particle production in each inelastic interaction of the photon or its hadronic fluctuation with a nucleon is treated by the MC-realization Phojet of the two-component DPM (see Sect.2.1). The photon-nucleon interactions are followed by a formation zone intranuclear cascade in the target spectator and by subsequent evaporation processes of nucleons and light nuclei as well as by spectator-deexcitation, and by the fragmentation of light spectator nuclei [18, 19] .
Particle production
For studying photoproduction off nuclei we assume the logical sequence to be as follows: As mentioned earlier soft hadronic interactions exhibit universal features irrespective of the nature of the colliding particles. This fact was already emphasized by Engel and Ranft in [3] where the description of high energy hadron-hadron and photon-hadron interactions based on the twocomponent DPM was extended to photon-photon interactions. Here, we want to proceed in an analogous way. As it has been shown in [3] , the model is able to describe the main features of hadron-hadron and photon-hadron collisions. In the following we give further examples for the agreement of the results of the Phojet-model with data on photon-hadron collisions.
In addition, we demonstrate that Dtunuc 2.0 is capable of describing particle production in hadron-nucleus interactions reasonably well. Based on these comparisons and relying on the predictive power of the model we apply it in a second step to photon-nucleus collisions where the experimental information on particle production with real or weakly virtual photon projectiles is sparse.
Photon-hadron interactions
In Fig. 2a we compare (in more detail than in [3] ) the transverse momentum distributions of charged hadrons from collisions at an average photon laboratory energy of 140 GeV to data of the OMEGA-Collab. [41] . The data were obtained with a tagged photon beam in the energy band 110 −170 GeV. The results are shown for four different ranges of the Feynman-x F variable. The agreement is excellent up to x F = 0.6. In the highest bin (0.6 < x F < 0.8) our results overestimate the data slightly. However, in this region the distribution may be biased due to the substraction of forward-scattered ρ 0 mesons by the OMEGA-Collaboration [41] . The x F -dependence of the average transverse momenta of charged hadrons in muon-proton interactions at E Lab = 147 GeV is shown in Fig. 2b together with data [42] . Within our calculation we sample the photon-proton kinematics in each event according to the equivalent photon approximation (EPA) folded with the Q 2 -dependent photon-proton cross sections [8] . Both, the calculation and the data, are restricted to photon-proton c.m. energies higher than 10 GeV and to photon virtualities Q 2 > 0.3 GeV 2 . Our results are in reasonable agreement with the data.
Feynman-x F distributions are usually studied in terms of the one-particle inclusive variable F (x F ) defined as
E, p , and W = √ s denote the energy and longitudinal momentum in the photon-proton c.m.
system, and the c.m. energy, resp. In Figs. 3a and 3b our results for charged hadrons are again compared to data from muon-proton collisions given in [42] . Here, events with photon virtualities between 0.5 and 3 GeV 2 and c.m. energies W in the range 4.7 − 10 GeV (a) and W > 10 GeV (b) are considered. Inclusive photoproduction of strange mesons and baryons has been studied by Abe et al. using a 20 GeV photon beam [43] . In Fig. 3c our results for K 0 s , Λ 0 , andΛ 0 are shown together with these data. The distributions are very sensitive to the underlying diquark model (Λ andΛ production in the proton fragmentation region) and to the strangeness content of the photon (K 0 s in the photon fragmentation region). The data are qualitatively well understood within the model.
Further below we will discuss the production of hadronic jets in photon-nucleus collisions at HERA-energies. Therefore we want to demonstrate with one example that the Phojetmodel is very well able to describe the main features of jet photoproduction in electronproton collisions. Further discussions related to this subject can be found in [3] . We adopt the Snowmass-convention for the jet definition [44] . In the plane of pseudorapidity η and azimuthal angle φ a jet is defined as a collection of particles contained in a cone of radius R = (∆η) 2 + (∆φ) 2 = 1. The jet transverse energy E jet ⊥ is taken as the sum of the particle transverse energies inside the cone. The jet pseudorapidity η jet is calculated as E ⊥ -weighted average over the pseudorapidities of the particles belonging to the jet. In [6] the Phojet-model was already compared to data of the H1-Collaboration. Here we compare the model results to measurements of the ZEUS-Collaboration which cover higher values of the transverse energy of jets [45] . In Fig. 4 the inclusive jet differential cross section is shown as a function of the pseudorapidity of the jet axis for different lower cuts in transverse energy together with data. The cross sections are given in the kinematic range 134 < W < 277 GeV and Q 2 ≤ 4 GeV 2 , and for jet pseudorapidities in the electron-proton laboratory frame of HERA in the range −1 < η jet < 2.
Hadron-nucleus interactions
In Table 1 we give average multiplicities of shower particles in proton-emulsion interactions at laboratory energies between 6.2 GeV and 1 TeV together with measurements [46, 47] . Shower particles are defined as singly charged particles with Lorentz-β values greater than 0.7. Within our calculations we use the common chemical composition of nuclear emulsions of about 28.6% light nuclei (H,C,N,O) and of 71.4% heavy nuclei (Ag, Br). Our results are in good agreement with the experimental values. The same conclusion can be drawn from a comparison with data on shower particle multiplicities in pion and proton induced interactions on carbon, copper, and lead at 50, 100, and 150 GeV [48] which is presented in Table 2 .
Let us now turn to multiplicity distributions. In Fig. 5a we plot our results for interactions of negatively charged pions in nuclear emulsions at 525 GeV together with recent measurements [49] . The agreement is satisfactory. In Figs. 5b and 5c the multiplicity distributions of charged and of negatively charged particles in proton-xenon interactions at 200 GeV are shown. The calculated distribution in b) seems to be peaked at somewhat higher multiplicities with a stronger decrease towards higher multiplicities than the measured distribution [50] . However, taking the statistical uncertainties within the measurements into consideration these differences might be not significant.
Pseudorapidity distributions of shower particles are shown in Fig. 6 . They are plotted in a) for pion-emulsion interactions at 60 GeV and 525 GeV together with experimental data [49] , in b) for pion-copper collisions at 150 GeV, and in c) for pion-lead collisions at 50 GeV. The measured distributions shown in the latter two plots are taken from [48] . Again, the results of the measurements are well reproduced within our model.
The invariant π 0 cross section as a function of the transverse momentum in proton-gold collisions at 200 GeV has been measured by the WA80-Collab. [51] . In Fig. 7a we compare our calculations to these data. Corresponding to the kinematic cuts of the experiment the pseudorapidity range 1.5 ≤ η ≤ 2.1 was considered only. In Fig. 7b the transverse momentum distribution is shown for negatively charged hadrons from proton-tungsten collisions at 200 GeV in the rapidity range between 1.0 and 1.9. In order to compare the shape with experimental results [52] and because of the particular normalization of the data they were normalized to the calculated value at 0.16 GeV/c. In both cases we observe a reasonable agreement between experimental data and calculations.
Finally, in Fig. 8 we compare cross sections as function of the Feynman-x F variable for positive (a) and negative pions (b) and for positive kaons (c) calculated with Dtunuc 2.0 to data from proton-carbon and -copper interactions at 100 GeV [53] . The measured cross sections include only particles with transverse momenta p ⊥ = 0.3 GeV/c. From the calculated final state, pions and kaons with 0.25 < p ⊥ < 0.35 GeV/c were taken into consideration. Discrepancies seem to exist within the slopes of the pion-cross sections: from our calculations we obtain about equal slopes for positive and negative pions whereas the measurements indicate a larger slope for negative as compared to positive pions. The kaon cross sections are at large x F slightly underestimated by the calculations.
Photon-nucleus interactions 3.3.1 Average multiplicities
Before comparing model results to data from lepton-nucleus interactions let us first outline differences between hadron-and photon-nucleus collisions with respect to properties of the Glauber-cascade and multiplicities at fixed projectile energy. In lepton-nucleus interactions the projectile photon has varying energies and virtualities and a direct comparison with hadronnucleus collisions would be less conclusive.
In Fig. 9 we present average numbers of target nucleons interacting with the projectile ν t and multiplicities of shower N s and heavy particles N h (charged particles with β ≤ 0.7) calculated for pion-, real photon-, and weakly virtual photon-copper interactions at energies of the projectile in the nucleus rest system between 10 GeV and 100 TeV. Differences between the ν t -values for pion and photon projectiles at fixed energy arise from differences between the pion-nucleon cross section and the (averaged over all masses M) qq-nucleon cross section σ V N (Eq. (8)) which enter the calculations [8] . Since the latter is slightly smaller, the real photon interacts with less nucleons than the pion. Similarly, due to the approximate 1/Q 2 -dependence of σ V N , ν t decreases with Q 2 at fixed energy. As an example, this is shown in Fig. 10a for photon-copper interactions at a photon-nucleon c.m. energy of 150 GeV, an energy which could be available in the future for photon-nucleus collisions at HERA [54] . In our model, the average heavy particle multiplicity is approximately proportional to ν t irrespectively of the nature of the projectile. This dependence is shown in Fig. 10b for protons, pions, real and weakly virtual photons (Q 2 = 2 GeV 2 ). It reflects the fact that the number of heavy particles depends only on the number of nucleons "knocked out" of the target by the projectile and by subsequent intranuclear cascade processes and not on particular properties of the projectilenucleon interactions [18, 19] .
Average shower particle multiplicities in interactions of 150 GeV muons in emulsions are compared to data [55] in Fig. 11 . Corresponding to the measurements, from the calculated events only those with more than two heavy particles in the final state have been taken into consideration. As within the calculations of particle production in lepton-proton interactions (Sect.3.1), we sample the photon-flux according to the EPA and to the Q 2 -dependence of the photon-nucleus cross sections [8] . The multiplicities are shown as function of the inverse of the Bjorken-x. In this representation the average photon virtuality is decreasing from about 8 GeV 2 in the lowest bin (1/x Bj < 10) to about 0.9 GeV 2 in the highest bin [55] . Our results agree with the data in the kinematic region of photoproduction (Q 2 < ∼ 4 GeV 2 , 1/x Bj > 25) but underestimate the data for higher virtualities. This fact may indicate that the Phojetrealization of the two-component DPM for photon-nucleon interactions fails in describing particle production in interactions of photons with relatively high virtualities at low energies. However, whereas the calculations are based in total on 50000 events one has to note that the data include about 17 events in each 1/x Bj -bin [55] . Therefore and taking into account that the emulsion is composed of 6 elements and that the kinematics at the muon-photon vertex is different in each event, the statistical significance of the data is limited.
Finally, we compare our results on multiplicities in muon-deuterium and muon-xenon interactions to data of the E665-Collab. [56] . The experiments were performed with a 490 GeV positive muon beam. The kinematic region under investigation is Q 2 > 1 GeV 2 , 8 < W < 30 GeV, x Bj > 0.002, and 0.1 < ν/E µ < 0.85 (with ν being the photon energy in the laboratory). Furthermore, only charged particles with momenta p > 200 MeV/c in the laboratory frame are considered. We note that despite of the strong decrease of the distribution of the photon virtualities towards high Q 2 -values, here, a considerable fraction of events still falls outside of the Q 2 -region where our model can be expected to be reliable. In Figs. 12a and 12c the energy dependence of the average total, positively and negatively charged hadron multiplicities are shown. For both target nuclei the data are well reproduced by the model. The multiplicities of charged hadrons are shown separately for the forward and backward region of the photonnucleon c.m. frame in Figs. 12b and 12d . The calculated multiplicities in the backward region which are strongly affected by target associated particle production and, therefore, by the laboratory momentum cut applied to the final state hadrons, are slightly higher than the data whereas those in forward direction are lower. Multiplicities averaged over all energies of the photon-nucleus interaction are compared to the corresponding experimental values in Table 3 .
Inclusive particle distributions
In Fig. 13 the model results for the pseudorapidity distributions of shower particles from muon-emulsion interactions at 150 GeV are compared to data again from measurements by Hand et al. [55] . The kinematic range of the experiment is 0.6 < Q 2 < 21 GeV 2 and 2.5 < W ≤ 16.5 GeV. The distributions shown for muon-emulsion interaction cover different but overlapping W -ranges: in a) data and MC-results are plotted for 9 < W < 14 GeV and in b) for W > 10 GeV ( Q 2 = 2.7 GeV 2 ). Let us first compare the two data-sets which include 43 events in a) and 47 events in b) [55] . One obvious difference is the peak in the distribution in a) at η = 1.25 which is not present in b). The only energy-range which is not covered by the data in Fig. 13a as compared to 13b is 9 < W < 10 GeV. Therefore, we assume that this peak is due to statistical uncertainties within the experiment (c.f. also our discussion in Sect.3.3.1). Comparing the model results to the data we note that agreement within the statistical errors is obtained for η > 2. Disregarding the above mentioned peak, at lower pseudorapidities we underestimate the measured distributions slightly. Furthermore the comparison suggests that both, the measured and calculated distributions, agree in normalization (i.e. in the average multiplicity of shower particles) but the maximum of the calculated distribution appears at somewhat higher pseudorapidities than the measured one. In order to understand this dis-crepancy we compare in Fig. 13a in addition results for pion-emulsion interactions at 60 GeV to data [57] . This energy corresponds to the average photon laboratory energy of the distribution for the muon projectile in this Figure. The cuts on both data sample are similar: only events with at least three heavy particles are considered and shower particles are defined by their Lorentz-β value as β > 0.7. Our results for π − -emulsion interactions agree in shape and in position of the maximum to the data. Therefore and with respect to conclusions from comparisons with data drawn further below we attribute the discrepancy in the position of the maximum to the statistical uncertainties of the experiment.
Turning again to muon-deuterium and muon-xenon interactions at 490 GeV we compare in Figs. 14 and 15 rapidity distributions of positively (a) and negatively charged hadrons (b) in the photon-nucleon c.m. frame to data [56] . The comparisons are shown for three ranges of the photon-nucleon c.m. energy W . Taking into account that the treatment of high Q 2 -values in our model [3] might be too simplified, the description of the data by the model is satisfactory with the exception of the production of positively charged particles in the target fragmentation region of the muon-xenon interaction (Fig. 15a, y ≈ −3) . The peak in the calculated distributions clearly reflects the production of target associated particles by intranuclear cascade processes which are present in the distributions if a momentum cut as low as 200 MeV/c in the laboratory frame is applied to the results. The multiplicity seen in the target fragmentation region depends strongly on this cutoff. We assume that the differences might be due to additional kinematic cuts applied to the data or due to experimental uncertainties (with respect to the momentum cutoff) for the following reasons: (i) the models for slow particle production implemented in Dtunuc 2.0 are in good agreement with data from hadron-nucleus as well as nucleus-nucleus collisions [18, 19] , (ii) the dependence of shadowing on the photon virtuality and energy is qualitatively understood within our model and describes corresponding data of the E665-Collab. reasonably well [8] , and (iii) the rapidity distributions of negatively charged particles and of positively charged particles outside the target fragmentation region in muon-xenon interactions and of charged particles in muon-deuterium interactions agree with E665-data.
Distributions of charged hadrons from muon-deuterium and muon-xenon interactions at 490 GeV were studied as function of z = E/ν (E and ν being the secondary hadron energy and the photon energy in the target rest frame, resp.) by Adams et al. [58] . In Figs. 16a and 16b our results on the z-distributions are shown together with these data. Both, model results and data, are restricted to the shadowing region, i.e. to x Bj < 0.005 and Q 2 < 1 GeV 2 . We find a good agreement in the whole z-range. The Feynman-x distribution (see Eq. (10)) of positively and negatively charged hadrons is given together with data [42] in Fig. 16c for muon-deuterium interactions at 147 GeV. Here, the photon virtualities are restricted to the range 0.5 < Q 2 < 3 GeV 2 and the photon-nucleon c.m. energies to W > 10 GeV. Finally, we compare in Fig. 17a the transverse momentum distributions of charged particles in different ranges of x F again to data on muon-deuterium interactions from Ref. [42] . Our results are presented as histograms whereas fits to measured p ⊥ -distributions are shown as continuous lines. The experimental uncertainties are increasing with p ⊥ and are at least of the order of the differences between the fits for positive and negative particles [42] . Taking them into consideration we may conclude that a satisfactory agreement between data and calculations exists. The dependence of the average transverse momenta of charged particles on x F is shown in Fig. 17b. 
The nuclear dependence of particle production
In order to study the dependence of particle production on the mass number A of the nuclear target, inclusive single particle cross sections, like pseudorapidity (dσ/dη), transverse momentum (dσ/dp 2 ⊥ ), or Feynman-x F distributions (dσ/dx F ), are usually fitted to a A α -behaviour. In the projectile fragmentation region of photon-nucleus collisions we expect α to approach unity (i) for small qq-nucleon cross sections, such as at low energies or for Q 2 > 0, (ii) at high energies for interactions becoming more point-like, and (iii) at large transverse momenta due to hard interactions. In the fragmentation region of the target nucleus α can exceed the value of one due to the formation zone intranuclear cascade, an effect being outside the scope of the present paper. Here, we restrict our discussion to the projectile (hadron or photon) fragmentation region. We discuss fits to results of the model on interactions of protons, real photons, and virtual photons (Q 2 = 1 GeV 2 ) with carbon, aluminum, copper, silver, xenon, and gold. Only charged particles with Lorentz-β > 0.7 (shower particles) are taken into consideration.
In Fig. 18 , α(η) is shown for the three interaction channels and an energy of 250 GeV. In addition data from proton-nucleus interactions [59, 60] are plotted. For η > 5.5 our model underestimates the measured nuclear dependence. At all η-values, α is larger for photonthan for proton-projectiles, indicating a stronger A-dependence of the cross sections (less shadowing) due to smaller qq-nucleon cross sections as compared to proton-nucleon cross sections [8] .
Experimental information on the p ⊥ -dependence of α in proton-nucleus collisions exists, up to our knowledge, unfortunately only for large angles in the laboratory frame. Since with our model we find a strong dependence of the α-values on this kinematic cut and, on the other hand, any kinematic restriction requires an enormous amount of events in order to obtain the same statistics as without cuts, a conclusive comparison is difficult. In Fig. 19a we show results of our calculations for proton-nucleus interactions at 250 GeV, restricted to x F > 0 and to polar angles in the proton-nucleon c.m. frame of θ cms > 70
• together with various measurements, usually covering only a small angular region at mid-rapidities [61, 62, 63] . Despite all uncertainties, our results show the same p ⊥ -behaviour of α as the measurements: below p ⊥ ≈ 0.3 GeV/c α decreases slightly turning into a constant behaviour up to p ⊥ ≈ 0.7 GeV/c where α starts to increase. Within our model, the high-p ⊥ behaviour can be explained (i) by the Cronin effect which we treat by applying multiple scattering to the partons at the chain ends taking into account their path lengths inside nuclear matter [13, 64] and (ii) by the fact that hard interactions mostly occur in events where the projectile interacts with one nucleon only (non-shadowing behaviour). In Fig. 19b we again compare the three channels to each other, now including all charged final state hadrons with x F > 0.
Finally, in Fig. 20 α is plotted as function of the Feynman-x F variable together with experimental results [53] which are restricted to a transverse momentum of 0.3 GeV/c. In order to obtain reasonable statistics within our calculations we took all charged particles into consideration. We find an agreement with the data up to x F ≈ 0.5. At larger x F our calculated α-values are smaller. For photons α is larger throughout the whole x F -region; it decreases only weakly with increasing x F for real photons and remains even constant at about α(x F ) = 1 for weakly virtual photons.
Jet photoproduction off nuclei at HERA-energies
In the following, properties of hadronic jets produced in interactions of real photons with nuclei are studied at energies which might be reached with nuclear beams at HERA. Assuming nuclei with equal numbers of protons and neutrons the nuclear beam will have an energy per nucleon of 410 GeV [54] . With an average photon energy of about half of the electron energy (27.6 GeV) the photon-nucleon c.m. energy will be about 150 GeV.
Before discussing jet production let us first compare transverse momentum distributions of charged particles in proton-and photon-nucleus collisions. They most clearly reflect differences between interactions with proton and the photon projectiles which are responsible for characteristic features of jet production in photon-nucleus collisions. As shown in Fig. 21 the p ⊥ -distribution of charged particles for photon-projectiles exhibits a less rapid decrease and extends to higher transverse momenta than the one for hadron projectiles. This property was already discussed in [3] comparing hadron-hadron, photon-hadron, and photon-photon interactions. The reasons are (i) the photon may interact in direct processes, and (ii) the photon PDFs are "harder" as compared to the proton PDFs.
As it has been shown in the analysis of data from HERA on photon-proton collisions [1] the study of jet production may give evidence for the subdivision into direct and resolved photon interactions. Therefore it can be expected that differences between hadron-nucleus and photon-nucleus collisions and characteristic features of point-like photon interactions emerge most clearly in a study of jet production. In the following, all observables used refer to the photon-nucleon c.m. system. We again apply the Snowmass-convention for the jet definition (see Sect.3.1).
In Fig. 22a we compare the transverse energy distributions of jets from proton-carbon and photon-carbon interactions. Similar to proton/photon-proton interactions [3] , the E jet ⊥ distribution extends to higher transverse energies for photon-nucleus collisions as compared to proton-nucleus collisions. Differences between the two channels are even more pronounced within the pseudorapidity distributions of the jet axes. This is shown in Fig. 22b for jets with transverse energies higher than 6 GeV and 10 GeV. As initially mentioned, since the PDFs of the photon are harder than the PDFs of the proton and due to the point-like photon interactions we obtain in photon-nucleus collisions considerably more jets in forward direction (η jet > 0). In backward direction the soft underlying event, being more pronounced for proton projectiles, is responsible for a higher jet rate.
The kinematic regions of jets from direct and resolved photon interactions might be separated if jet production is analysed as function of
E γ denotes the photon energy. x obs can be considered as an estimate for the fraction of the projectile momentum entering the hard scattering [6, 65] . In Fig. 23a we show x obs -distributions for proton-carbon, photon-carbon, and photon-sulfur interactions. Point-like photon interactions contribute exclusively to the region x obs > 0.6. The specific properties of jets and of the underlying event are usually studied in terms of jet profiles. This is shown for photon-carbon interactions and different x obs -bins in Fig. 23b where we plot the average transverse energy as a function of the distance in pseudorapidity from the jet axis. Since in direct photon interactions there is no photon remnant which could contribute to the jet pedestal, the transverse energy outside the jets is decreasing with increasing x obs . Of course, as the mass number of the target nucleus increases the soft underlying event becomes more pronounced, i.e. the average transverse energy of the jet pedestal increases. This is demonstrated in Fig. 23c for four different target nuclei. Here, all jets with E ⊥ > 6 GeV are included.
Summary and conclusions
The two-component Dual Parton Model is applied to multiparticle photoproduction off nuclei. By incorporating the Phojet event generator for hadron-nucleon and photon-nucleon interactions, it is now possible to describe with the event generator Dtunuc 2.0 consistently cross sections and particle production in high energy hadron-nucleus, real and weakly virtual photon-nucleus, and nucleus-nucleus collisions (the latter are not discussed in this paper).
In [8] it has been shown that the model correctly describes the shadowing behaviour of high energy photon-nucleus cross sections. Here, we have demonstrated that an overall good agreement of model results and data in all main aspects of particle production in photonhadron and hadron-nucleus collisions exists. There is no further freedom in the model for its application to multiparticle photoproduction off nuclei which is therefore a severe test of the model. Unfortunately, only a few data are available on particle production in photon-nucleus collisions to which the predictions of Dtunuc 2.0 can be compared. As discussed in this paper, these data are well understood within the model.
Within the model the photon is treated (i) as a resolved qq-state interacting with target nucleons according to the GVDM and the Gribov-Glauber approximation in multiple soft and hard scattering processes and (ii) as a point-like object interacting in a single hard scattering with one target nucleon (anomalous component of the photon PDF and direct photon interactions). Based on this treatment we obtain the following results:
• As expected from studies of photon-nucleus cross sections, also particle production off nuclei clearly shows decreasing shadowing with increasing photon virtualities. In our model, the multiple scattering process of the real photon with several target nucleons smoothly turns into a single hard (point-like) photon-nucleon scattering with increasing Q 2 .
• At energies of present fixed target experiments, inclusive single particle cross sections become proportional to A α , α ≈ 1, already at Q 2 > 1 GeV 2 due to decreasing qqnucleon cross sections with increasing Q 2 . However, more data on particle production in photon-nucleus collisions would be needed for a detailed investigation of the transition region.
• In analogy to observations in photon-proton collisions at HERA we argue that also in photoproduction off nuclei the dual nature of the photon and, therefore, point-like photon interactions show up most clearly in hadronic jet production. As examples we present transverse energy and pseudorapidity distributions of jets and we study jet profiles in real photon-nucleus collisions at energies which might be reached with nuclear beams at HERA. The strong dependence of the jet profiles and of the underlying event on the fraction of the momentum of the photon going into jets which was first observed at HERA, can be expected to be present also in photon-nucleus collisions. Tables   Table 1: Multiplicities of shower particles (β >0.7) in interactions of protons with emulsion nuclei are given for different laboratory energies of the incident proton. The values as obtained with Dtunuc 2.0 are compared to measured multiplicities. Table 2 : Multiplicities of shower particles (β >0.7) in interactions of pions and protons with carbon-, copper-, and lead-nuclei at 50, 100, and 150 GeV are compared to measurements [48] . Table 3 : Results on average multiplicities of all charged N ch , positive N + , negative N − , forward N F , and backward N B hadrons (p > 200 MeV/c) for muon-deuterium and muonxenon interactions at 490 GeV are compared to data of the E665-Collab. [56] . 2. Transverse momentum distributions of charged particles from photon-proton collisions at an average photon laboratory energy of 140 GeV (histograms) are compared to data of the OMEGA-Collab. [41] (dots) (a). The results are shown for the following ranges of the Feynman-x F variable (from the top to the bottom): 0.0 < x F < 0.2, 0.2 < x F < 0.4, 0.4 < x F < 0.6, and 0.6 < x F < 0.8. In b) the Feynman-x F dependence of the average transverse momenta of charged hadrons from muon-proton interactions at a laboratory energy of 147 GeV is plotted. The model results (histograms) are compared to data [42] .
3. In a) and b) Feynman-x F distributions of charged hadrons produced in muon-proton interactions at a laboratory energy of 147 GeV are compared to data [42] . In c) Feynmanx F distributions of strange hadrons (K 5. In a) the model results on shower particle multiplicities are given for pion-emulsion interactions at E Lab = 525 GeV together with experimental data [49] . In b) the multiplicity distribution is plotted for charged particles and in c) for negatively charged particles from proton-xenon interactions at 200 GeV together with data [50] .
6. Pseudorapidity distributions of shower particles in pion-nucleus interactions. In a) the model results are given for pion-emulsion interactions at E Lab = 60 GeV and 525 GeV and are compared to measurements [49] . In b) they are shown for pion-copper interactions at 150 GeV and in c) for pion-lead interactions at 50 GeV together with experimental results [48] . 10. In a) the Q 2 -dependence of the average number of copper nucleons interacting with the photon ν t is given for a photon-nucleon c.m. energy of 150 GeV. In b) the dependence of the average heavy particle multiplicity on ν t is shown for proton, pion, real photon, and weakly virtual photon (Q 2 = 2 GeV 2 ) projectiles.
11. Average numbers of charged hadrons (β > 0.7) in muon-emulsion interaction events at 150 GeV with more than two heavy particles in the final state are given as function of the inverse of the Bjorken-x variable and are compared to data [55] .
12. The dependence of average multiplicities of charged hadrons on the squared energy of the virtual photon-nucleon c.m. system is shown for muon-deuterium (a,b) and muon-xenon interactions (c,d) at 490 GeV and is compared to measurements of the E665-Collab. [56] . In a) and c) we give the average multiplicities of all N ch , of positively N + , and of negatively N − charged hadrons. In b) and d) the average multiplicities of all charged hadrons are shown for positive N F and negative N B c.m. rapidities.
13. Pseudorapidity distributions of charged hadrons (β > 0.7) from muon-emulsion interactions at 150 GeV are shown together with data [55] . In a) the photon-nucleon c.m. energy range is restricted to 9 < W < 14 GeV. In addition, the pseudorapidity distribution of charged hadrons from pion-emulsion interactions at 60 GeV is plotted and compared to data [57] . In b) the results for W > 10 GeV are given. In both distributions only events with N h ≥ 3 are included.
14. Rapidity distributions of positive (a) and negative hadrons (b) from muon-deuterium interactions at 490 GeV are shown together with data [56] for different ranges of the virtual photon-nucleon c.m. energy W . Fig. 14 , here for muon-xenon interactions.
As in
16. Energy-(z-) distributions of charged hadrons from muon-deuterium (a) and muon-xenon interactions (b) at 490 GeV are compared to measurements of the E665-Collab. [58] . Corresponding to the experimental cuts applied to the data the MC-results are restricted to x Bj < 0.005, Q 2 < 1 GeV 2 , and ν > 100 GeV. In c) model results for Feynman-x F distributions of charged hadrons from muon-deuterium interactions at E Lab = 147 GeV are compared to data [42] .
17. In a) transverse momentum distributions of charged hadrons from muon-deuterium interactions at 147 GeV are presented for different Feynman-x F ranges. The model results (histograms) are plotted together with fits to data as given in [42] . In b) the x F -dependence of the average transverse momenta of charged hadrons are compared to data [42] .
18. The values of the power α in a fit dσ/dη ∼ A α(η) to the differential cross sections for charged particle production in proton-, real photon-, and virtual (Q 2 = 1 GeV 2 ) photon-nucleus collisions are plotted together with measurements of proton-nucleus interactions [59, 60] . 19 . The values of the power α in a fit dσ/dp 2 ⊥ ∼ A α(p ⊥ ) to the differential cross sections for charged particle production in proton-nucleus collisions at 250 GeV are compared to measurements at 250 GeV [62] and 400 GeV proton energy [61, 63] (a). Corresponding to the experiments the model results are given for large polar angles in the proton-nucleon c.m. system. In b) the values α as calculated with Dtunuc 2.0 are shown for particle production at positive Feynman-x F and different projectiles (protons, real and virtual photons at Q 2 = 1 GeV 2 ).
20. The values of the power α in a fit dσ/dx F ∼ A α(x F ) to the differential cross sections for charged particle production in proton-, real photon-, and virtual (Q 2 = 1 GeV 2 ) photon-nucleus collisions are plotted. In case of proton projectiles a fit to experimental data [53] is shown. 
